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Abstract

Experiments were  performed with an automated
vis val mnspection system that detects potential flaws
by comparing reference and co mparison images.
Three main components cvaluated are: 1) tmage-
differen cing- based ambicnt light compensation, 2 )
electronic-shu tiering-based ambient light rcjection,
and 3) image registration.  The results indicate that
the ambient light compensation algorithmn yields 0. 01 %
to 0.4% false flawswith lab-simulated sunlight chang-
ing from 25% to 100% intensity. Electronic shuttering
with synchronized strobe lighting reduces false flaws
considerably. As exposure Shortens from 1/60 (fully
open) to 1/1000 second, false flaws decrease 100-fold
from0.4% to O. 004%. The current registration algo-
rithm corrects a very limited range of mnisregistration,
correct ing approzimately 4 pirels of puretranslatioral
shifts over the inspection surface. A more robust wm -
age 1 egistration elgorithm that can correct bothtrans -
lational and rotational shifts over 10 pizels uiisregis-
tration would be highly desirable,
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1 Introduction

Automated robotic inspection of space platforms
such as the International Space Station is expected to
be animportant element to offload time-consuming
inspection activities from astronauts [I]. The Jet
I'repulsion Laboratory recently developed such are-
mote surface inspection (RSI) system, and demon-
strated it successfully onthe groundin a constrained
lab environment [2][3]{4]. The JPL RS1 system devel-
oped through 1995 is described in detail in [4]. Fur-
ther enhancements mnade in 1996 t ogether with per-
formance evaluation experiments are described in [5].

The system supports four types of inspection: 1)
automated visual inspection, 2) eddy current sensor
based surface crack inspection, 3) temperature inspec-
tion, and 4) gas leak inspection. our cmphasisin
1996 has been to enhance the automated visual in-
spection capability for more robust flaw detection and
to evaluate its performance. The enhanced RS sys-
ten has been delivered to the NASA  Johnsou Space
Cent e1 Automat ed Robotic Maint enance of Space St a-

tion (ARMSS) facility for on-site test and technology
demonstration of remote surface inspection capabili-
ties to the Space Station Program.

This paper describes experimments with this en-
hanced automated visual inspection system. Section
2 describes the JI’L Automated Inspection Systemn in
more detail. Section 3 describes the 2-D and 3-1) flaw
detection process. Sections 4, 5,and 6 present exper-
imental results on ambient light compensation, elec-
trouic shuttering, and image registration, respectively.
Section7 describes operational experiments that were
conducted. Finally, Section 8 discusses the system lim-
itations aud desired future enhancements.

2 JPL Automated Visual Inspection
System and Enhancements

Visual inspection and flaw detection is a critical
and labor-intensive maintenance task, particularly in
hazardous environments such as space. One partic-
ularly usecful application of this techuology to reduce
workload is the inspection of the exterior of the Inter-
national Space Station fox damage due to micromete-
orites, orbital debris, or corrosion from atomic oxygen,

In on-orbit space applications such as Space Sta-
tion surface inspection, the ambient lighting condi-
tions may change drastically due tosun orientation
changes. When reference and comparison images are
taken under different ambient lighting conditions, a
simple image differencing will generate too many fake
alarms due t0 changes in shading. A simple but im-
practical solution to this problem is to block ambi-
ent light completely and use only the controlled lights
(c.g., strobe lights) mounted onthe robot arm end ef-
fector. A clever practical solution that achieves tbe
same effectis the ambient light compensation process
developed aud implemented for the JPL automated
visualiuspection system [3]. First,the surface image

is taken with the controlled lights on, and immediately .

thereafter the image IS taken again with the lights off.
The differencing of the two images results in a com-
pensated “controlied light only” image that appears
as if there were no ambient lighting. The automated
visual inspection uses the compensated reference and
comparison images to detect changes as potential flaws
by image differencing.



The imaging system of the JPL automated in-
spection system consists of cameras, st robe lights,
an linage processor, and a simulated sunlight source.
Two color CCD cameras wit I clect ronic shutt ering
{Toshiba IK-M41A) and two strobe lights (EG&G
MVS5000) are mounted on the end of a seven-dof
Robotics Rescarch Corporation arm as part of anin-
tegrated multi-sensor end effector. The entire robot
arm is mounted on a l-dof mobile rail platform.
The computer-co ntrollable strobe light is synchronized
with the electronic shuttering to reduce ambient light
energy to 1/16th of the unshuttered amount while il
capturing the entire strobe pulse. Simulated sunlight
is provided a one-tenth orbital int ensity by a 1.5 kW
xenon arc lamp on a pan-tilt-rail mount.

The real-time software for manipulator control and
automated visua inspection resides in a VME chassis,
running on the VxWorks real-time operating systemn.
A Datacube MaxVideo-200 board with a mini-warper
isused for rea-time image p1ocessing.

Software to control the remote-site inspection
system from the local-site operator control station
(housed in a Space Station cupola mockup)includes a
graphical user interface which allows theusertodefine
and modify inspection paths, catalog detected flaws,
move the robot arm interactively, and execute pre-
defined scripts. The operator may also inspect the
mockup by manually teleoperating the arms if desired.
A 3-D graphical simulation of the testbed and a video
mouitoring system help to provide the operator with
situational awareness without a direct view.

The operator interface has been enhanced by in-
corporating command scripts to support three oper-
ational modes for visua inspection: quasi-static hu-
maun visual iuspection, quasi-static automated visual
inspection, and continuous-motion automated visual
inspection. A reference image display window has
been added to facilitate the operator’s image compar-
ison for flaw marking decisions.

3 Flaw Detection

Aninsp ection taskboard (Figure 1) was designed
for the experiments. It incorporates a resolution test
pattern and a variety of surface relief features and
small structures such as standofls to create complex
shadows. The inspection taskboard consists of threc
pairs of panels: flat 2-D, concave holes (bare mectal
and painted)/convex bumps, and 3-1) structure secc-
tions. The bottom right pamnel is silk- screcned with a
2-D test pattern for measuring inspection resolution
by detecting test “flaws’ of various sizes, shapes, and
patterns. Simnulated flaws, for example black, grey, or
colored tape patches, canbe added to the 3-1) panels
prior to inspection experiments,

Experiments with the 2-D test patternindicate that
the minimuin detectable flaw size a a distauce of ap-
proximately 29 cln was between 0.3 and 2.5 mm, de-
pending on the shape and orientation of the flaw, as

Figure 1: Taskboard showing 3-1) structures and 2-1)
test pattern

T Test Smallest flaw
detected,mm | pixels
L long, thin horiz triangle | 0.5 mm 1.0
2. line detection - horiz 0.3 mm 0.6
vertical 0.3 mm 0.6
45 degrec 0.3 mm 0.6
3. black-on-white dats 2.5 mm 5.0
| 4. gray--on-white dots none none

Table 1: 2-D flaw detection results using full intensity
sun lamp

shiown in Table 1. Low contr ast flaws were not de-
tected

Flaw detection for the three dimensional surfaces of
the inspection taskboard is illustrated in Figures 2-4,
Figure 2 shows araw image of the taskboard contain-
ing no flaws, illuminated by full intensity simulated
sunlight, used as thereference image. Figure 3 shows
araw comparison image containing flaws smulated by
pieces of black tape. The illumination was reduced to
50% using a neutral density filter for this comparison
image. Figure 4 shows the flaws detected after ambi-
ent light compensation and image differencing; .

Although the ambient light level was changed dras-

tically, the automated visual inspection system cor-

rectly detects the actual flaws. Note, however, that

some false flaws were generated due to imperfect am -

bient light compensation. A robust inspection sys-
tem should minimize false flaws under any lighting
aud misregistration conditions. In our experiments,
the percentage of pixels indicated as false flaws was
used t 0 quantify performance of the system. A per-
fectinspectionsystem, of course, would detect no false
flaws.



Figure 2: Raw reference image with 100% ambient
light illumination

4 Ambient Light Compensation

Ambient light compensation is performed by sub-
tracting an ambient-light-only image from a strobe +
ambient lit image. These images are sampled from an
interlaced scan CCD video camera, The video cam-
cra generates 30 complete frames per second. Each
frame counsists of two fields of aternate scanlines. The
strobe duration is approximately 20 mici oseconds, SO
only one field (i.e.,, every other scan ling) is illumi-
nated by the strobe. The raw image is a complete
frame Consisting of interlaced strobe + ambient and
ambient-only lines. The two half-resolution fields are
differenced, resulting in a half-resolution image which
appears as if illuminated only by the strobe.

Differencing of the raw images to geuerate a com-
pensated image requires that the pixel intensity of
the digitized image be linear with respect to the inci-
dent light energy. Video cameras t ypically incorporat ¢
gamma correction designed to compensate for the non-
linear response of the human eye. Linearity is restored
in our inspection system via a calibration lookup ta-
ble. Also, automatic gain control is disabled.

The perforinance of ambient light compensation
was evaluated by acquiring reference and comparison
images of identical surfaces under different conditions
of incidence angle and intensity. Any flaws detected
are the result of imperfect compensation. Electronic
shuttering was disabled for this experiment in order to
evaluate ambient light comyrensation in isolation. Fig-
ure b SNOWS an ambient light compensated iimage. The
compensation process results in a half resolution im-
age t hat is r elatively dark. Faint ghost outlines of the
removed shadows can be seen - thesce are eliminated

Figure 3: Raw comparison immage with 50% ambient
light illumination

when electronic spluttering is used. Figure 6shows
tile false flaws detected when the reference image was
taken a 0% intensity (dark) and the comparison im-
age takeu at 100% intensity, the worst case. Figure 7
plotsthe increase in the number of fase flaws as the
difference in illumination intensity between the refer-
ence and comparison images increascs.

5 Electronic Shattering

Auelectronic shutter that controls the CCD charge
integration time can help reject ambient light by min-
imizing the ambient light energy reaching the CCD,
without diminishing the strobe light energy. Using
the electronic shutter requires careful synchronization
of the video shutter with the strobe light.

Figure 6 shows false flaws detected using a reference
image with no ambient illumination and a comparison
image with 100% ambient illumination at full open
shutter ( 16.7 ms). The false flaws occur at the edges
of ambient light shadow’s and at bright specular high-
lights. Figure 8 shows the improvement garnered by
using a shutter duration of 1 rns. All the false flaws
a the shadow edges have been eliminated. Figure 9
shows the reduction in the percentage of fake flaw pix-
els as shutter duration is decreased.

The new electronic shuttering with synchronized
strabe lighting drastically reduces fake flaw genera-
tion. As the shutter open duration decreases from
1/60's (continuous exposure) to 1/1000 s (1/16 expo-
sure), the false flaw yield percentage decreases from
0.4% t0 0.004 %. respectively. This result demon-
strates a dramatic 100-fold reduction of false flaws by
using a1 /1000 s shutter speed.



Figure 4: Flaw blob image with 50% ambient light
illumination

6 Image Registration

Flaw detection requires a reference image which
may have been acquired some time before the com-
parison image. Due to repeatability errors in position-
ing the robot arm which holds the camera, the views
may differ somewhat. Registration of the two views is
therefore necessary to avoid false flaws.

Our visual surface inspection Process Uses an iter-
ative fitting algorithm to correct misregistration par-
allel to the image plane. Low-pass blurring filters of
various sizes are used to implement a mult i-resolution
minimization technique. Misregistration due to errors
in orientatiou or scaling are not corrected.

Results indicate that the current image registra-
tion algorithm corrects up to about 4 pixels of pure
translational shifts of videoimages. Iupractical situ-
ations, the repetitive positioning precision of arobot
end effector equipped with an inspection camera is
limited, resulting in a slight positioning variation in
al six degrees of freedom. Tests show that the cur-
1 cUt 2-degrec-of-freedom image registration algorithmn
isonly marginaly effective, and must be extended to
handle all six degrees of freedom for more robust im-
age registration.

Figure 10 plots the performance of the registration
algorithm. After a reference image was acquired, the
taskboard was moved by a stepper motor in incre-
ments of 0.05 mm, resulting in animage shift of about
1 /10 pixel. The flaw detection algorithun ignores flaws
smaller thauabout 1.5 pixels iu sire, and the regist ra-
tion algorithimn corrects misregistration to a maximum
of about 2.5 pixels. The system is tolerant of misreg-
ist 1ations of up to about 4 pixels (about 2 mm when

Figure 5: Ambient light compensated image

the camera is about 29.5 cm away). Note that the
algorithm cousistently undercorrects misregistrations
even smaller than 2.5 pixels.

7 operational Experiments

After the system component level experiments, op-
erational level experiments were performed to compare
three modes of operations: quasi-static human visual
inspection, quasi-static automated visua inspection,
and continuous-motion automated visual inspection.
Due to time limitations, only very preliminary exper-
iments have been performed. Preliminary trial runs
suggest thatthe current image registration algorithm
needs substantial enhancements.

g8 Discussion

Our experimental results indicate that the auto-
mated visual inspection system could be an able as-
sistant to human visual inspection for periodic main-
tenaunce inspection of the International Space Station.
The automated visual inspection system could save a
considerable amount of human visual inspection time
if the new surface flaws are very few and over a large
inspected surface area. The automated visual inspec-
tion system could also point to potential flaws that
the human operator might have missed inadvertently.

The inspection system is limited by the quality of _

the video iinages. Ambient light comnpensation, as cur-

rently implemented, reduces the resolution of the im- .

age by 50% as well as reducing the intensity. The low
intensity images are very susceptible to noise.
Saturation of the CCD causes intensity nonlinear-
ity in the raw images which can result in false flaws
being detected in bright areas, especialy in specular
reflections. Sat urat ion is curr ently avoided by using
a manually operated mechanical iris to attenuate the



Figure 6: False flaws caused by illumination intensity
change.

intensity of the scene. However, this also decreases
the sensitivity of the camerain dim illumination. Lin-
earizing the response of the camera aso effectively re-
duces the dynamic range of the iinage.

The system generates false flaws due to rotational
misregistration, which is not corrected by the regis-
tration algorithm. It is also very sensitive t0 misregis-
trations due to positioning €rors perpendicular to the
inspected surface (i.e., scaling misregistration).

The automated visual inspection developed SO far
needs further enhancements for practical usc inthe
Space Station. Three major enhancements desired are
histed line.

1 The current image registration algorithin has a
very limited range of image registration capa-
bility. It can correct only approximately 4 pix-
els of translational shifts over the inspection sur-
face. Since the accurate positioning of a robot
arm equipped with an inspection camera is diffi-
cult, a more robust image registration algorithm
that can correct both translational and rotational
shifts over 10 pixels mis-registration is highly de-
sirable.

2 The current strobe light has a fixed light en-
ergy level. A computer- controlled strobe light
energy control to adjust the strobe light encrgy
level depending upon surface properties is desir-
able in order to make automated visual inspection
wor k properly over different surfaces with appro-
priate light intensity levels for strobe-lit video im-
ages. 111 conjunction, other techniques to increase
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Figure 7: Percentage flaw pixels in flawless images for
different intensities. Reference image was not illumi-
nated by ambient light.

or adapt the dynamic range of the cawera ave
needed.

3. The current system USes teleoperation to generate
ascan path for visual inspection. It assumes an
accurate repeatable positioning of a robot arin
base running on a mobile platform. In the actual
Space Station environment, this may not bethe
case, and aninitial camera posit ioning procedure
may be necessary that is sufficiently accurate and
repeatable, for example, by using the 3-D model-
based virtual reality calibration technique [6].

9 Conclusion

We have evaluated the performance of an auto-
mated visual inspection system. Electronic shutter-
ing was shown to be a highly effective method for re-
jecting ambient light. The operational limitations of
each component of the system were presented. our
results show that flaw detection performs well under
certain conditions. Further work is required to make
the system robust under arbitrary ambient lighting,
conditions and larger camera positioning errors.
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